Domesticated timopheevi wheat (Triticum timopheevi) is an endemic crop of western Georgia in Transcaucasia. It has a distinct nuclear genome (2n = 28, AAGG) and is genetically isolated from other wheat species. To clarify the genetic diversity and the domestication of this interesting wheat, we analyzed molecular variation at 23 microsatellite loci in the chloroplast genome. Allelic diversity was evaluated using 94 accessions representing domesticated timopheevi wheat (T. timopheevi), wild timopheevi wheat (T. araraticum), and wild emmer wheat (T. dicoccoides). The average diversity index (H) in T. araraticum (0.206) was smaller than that in T. dicoccoides (0.284). No polymorphisms were detected among the six accessions of T. timopheevi, suggested a monophyletic origin of domesticated timopheevi wheat. Phylogenetic analyses of the plastotypes revealed clear differences between the chloroplast DNA of timopheevi wheat and emmer wheat, and thus supported the hypothesis that these two wheat species originated independently. None of the T. araraticum plastotypes collected in Transcaucasia were closely related to the T. timopheevi plastotype. On the other hand, the plastotypes found in northern Syria and southern Turkey showed closer relationships with T. timopheevi. These results suggested that the domestication of timopheevi wheat might have occurred in the region including southern Turkey and northern Syria.
Introduction
The genus Triticum L. consists of the diploid einkorn wheat (2n = 14, AA), the tetraploid emmer (2n = 28, AABB) and timopheevi (2n = 28, AAGG) wheats, and hexaploid common wheat (2n = 42, AABBDD) (for a review, see Lilienfeld 1951) . The two tetraploid groups originated by hybridization and amphiploidization between einkorn wheat and a species of the section Sitopsis of the genus Aegilops L., and in these processes the Sitopsis species is assumed to have contributed as the female parent (Kihara 1966 , Hori and Tsunewaki 1967 , Suemoto 1968 , 1973 , Maan and Lucken 1971 , Ogihara and Tsunewaki 1982 . Timopheevi wheat, comprising both domesticated (T. timopheevi (Zhuk.) Zhuk.) and wild (T. araraticum Jakubz.) forms is genetically distinct from emmer wheat Kihara 1934, Svetozarova 1939) . Domesticated timopheevi wheat is a non-free-threshing form that is morphologically similar to emmer wheat (T. dicoccum Schrank ex Schübler). However, unlike emmer wheat, timopheevi wheat is endemic to western Georgia in Transcaucasia. There are records of its cultivation in the middle zone of Racha-Lechkhumi, Samegrelo, and some regions adjacent to Samergrelo in western Georgia (for review, see Maisaia 2009 ). The admixture of domesticated einkorn wheat (T. monococcum L.), domesticated timopheevi wheat, and T. zhukovskyi Menabde & Ericzjan (2n = 42, AAAAGG) is called 'Zanduri' and is distinguished from other endemic non-free-threshing wheats by local people in western Georgia (Chichinadze 1951 , cited by Maisaia 2009 ). The domesticated timopheevi wheat is called 'Chelta Zanduri', 'Pita Kobali', or 'Irchi Kobali', and is utilized not only for baking bread but also as a folk remedy (Eliava 1978 , cited by Maisaia 2009 ).
The wild timopheevi wheat grows in southeastern Turkey, northern Iraq, western Iran, Armenia, and Azerbaijan (Zohary and Hopf 2000) . Although the wild timopheevi wheat is genetically well isolated from the wild emmer wheat (T. dicoccoides (Körn. ex Asch. & Graebner) Schweinf.), these two species are morphologically very similar to each other, and their areas of distribution overlap in Communicated by T. Komatsuda Received October 24, 2009 . Accepted November 17, 2009 Turkey, Iraq, and Iran (Zohary and Hopf 2000) . Notably, wild timopheevi wheat has not been found in western Georgia, where the domesticated timopheevi wheat has been grown. This suggests that the domesticated timopheevi wheat might have been introduced into Georgia after domestication. Therefore, the following two questions remain to be answered: 1) Where was the timopheevi wheat domesticated? 2) Why has domesticated timopheevi wheat been cultivated only in western Georgia? Although timopheevi wheat is a minor crop in the world, it is an important species for studying the evolution of polyploidy in tetraploid wheat, and for understanding the early history and spread of agriculture in the Near East.
Genetic studies of plasmons in Triticum have revealed that the plasmon of timopheevi wheat is distinct from that of emmer wheat (Tsunewaki 1996 , Wang et al. 1997 . However, the intraspecific variation within timopheevi wheat has not yet been explored extensively. Recently, highly variable microsatellite loci in chloroplast DNA (cpDNA) were identified and used to analyze allelic diversity in wheat and its ancestral species (Ishii et al. 2001 , Mori et al. 2003 , Hirosawa et al. 2004 . In this study we conducted a survey of the intraspecific variation at the chloroplast microsatellite loci in wild and domesticated timopheevi wheats. Based on the results, we discuss the origin and domestication of timopheevi wheat.
Materials and Methods

Plant materials
Fifty-seven accessions of wild timopheevi wheat (T. araraticum Jakubz.), six accessions of domesticated timopheevi wheat (T. timopheevi (Zhuk.) Zhuk.), and 31 accessions of wild emmer wheat (T. dicoccoides (Körn. Ex Asch. & Graebner) Schweinf.) were used (Electronic supplementary material (ESM) 1). In addition, a single accession each of T. urartu Tumanian ex Gandilyan (2n = 14, AA genome, original accession number: IG11786), T. boeoticum Boiss. (2n = 14, AA, IG119453) and T. aestivum cv. Chinese Spring (CS) (2n = 42, AABBDD) were used as references. The classification used throughout the text is based on the classical taxonomy by Jakubziner (1959) .
Analysis of chloroplast microsatellites
Total DNA was extracted according to Liu et al. (1990) . DNA concentrations were determined using both the DyNA Quant TM 200 fluorometer (Hoefer Pharmacia Biotech, USA) and agarose gel electrophoresis. Using the extracted DNA samples as templates, 24 microsatellite loci (designated WCt1-WCt24) in the chloroplast genome were analyzed according to Ishii et al. (2001) . The loci WCt20 and WCt21 are located only eight nucleotides apart, and were amplified in a single DNA fragment containing both loci. Amplifications were performed with rTaq DNA polymerase (ToYoBo, Japan) using the Gene Amp PCR System 9700 (Applied Biosystems, USA). The amplification conditions were as follows: a 5 min pre-incubation at 94°C followed by 35 cycles of 94°C, 55°C, and 72°C, all for 1 min, and a postextension for 7 min at 72°C. The amplified DNA fragments were separated in 6% denaturing polyacrylamide gels and visualized by staining with Silver SequenceTM DNA Staining Reagents (Promega, USA). The sizes of amplified fragments were determined by comparisons with the standard alleles of T. aestivum cv. CS (Ishii et al. 2001) .
Data analysis
Allelic diversity at the chloroplast microsatellite loci was calculated according to the gene diversity value described by Nei (1987) as follows: where x ij is the frequency of the jth allele for locus i and summation extends over n alleles.
The phylogenetic relationships among the plastotypes were estimated based on comparisons of the chloroplast microsatellite allele sizes. The mean number of common amplified fragments was used to calculate the genetic distance (d ij ) according to the following formula:
d ij = 1 − 2B ij /A ij where A ij and B ij are the numbers of total and common fragments observed between the ith and jth accessions.
Based on the genetic distances, trees showing the genetic relationships among the chloroplast genomes were constructed using both the neighbor joining (NJ) method (Saitou and Nei 1987 ) and the unweighted paired-group method with arithmetic mean (UPGMA) (Sneath and Sokal 1973) . The reliability of the groupings in the trees were tested using the bootstrapping method (Felsenstein 1985) with 1000 resamplings.
Principal coordinate analysis (PCoA) was also performed to assess the relationships among the plastotypes using the GenAleEx software (Peakall and Smouse 2006) . For the PCoA, the generalized stepwise mutation model (GSMM, Kimmel and Chakraborty 1996) was assumed to estimate the genetic distances among the plastotypes.
Results
Applicability of chloroplast DNA microsatellite markers to timopheevi wheat
We tested the applicability of all 24 microsatellite markers to timopheevi wheat, because these primer sets were originally designed to amplify chloroplast nucleotide sequences of T. aestivum cv. CS by Ishii et al. (2001) . The test was conducted using total DNAs from 57 accessions of T. araraticum and six accessions of T. timopheevi. The results indicated that all markers except WCt3 were applicable to timopheevi wheat. We excluded WCt3 in this study, because only this marker gave poor PCR amplification with timopheevi wheat.
Allelic diversity of chloroplast microsatellites
The remaining 23 microsatellite loci were surveyed for chloroplast DNA (cpDNA) polymorphisms. Among 63
accessions of wild and domesticated timopheevi wheat and 31 accessions of wild emmer wheat, polymorphic banding patterns were observed at 13 and 16 loci, respectively. Table 1 shows the number of alleles and the diversity index (H) at each of these microsatellite loci in the timopheevi and emmer wheats. No variations were found among six accessions of the domesticated timopheevi (T. timopheevi), indicating that their chloroplast genomes were quite similar to each other. Both the average number of alleles and the diversity index were smaller in the wild timopheevi wheats (T. araraticum) than in the wild emmer wheats (T. dicoccoides) ( Table 1 ). The results indicate that genetic diversity in the cpDNA of wild timopheevi wheat is smaller than that in wild emmer wheat.
Phylogenetic relationship among plastotypes
Based on the allelic variation at the 23 microsatellite loci, 13 and 29 plastotypes were identified among the 63 accessions of timopheevi wheat and among the 31 accessions of emmer wheat, respectively (Table 2 ). All six accessions of the domesticated timopheevi wheat shared a common plastotype (type 7, Table 2 ). Among the wild timopheevi wheats, four plastotypes (types 4, 6, 8, and 9) were found at high frequencies, with an average within-group frequency of about 22% (Table 2 ). In contrast, no dominant plastotypes were found among the 31 accessions of emmer wheat. The three reference accessions, T. boeoticum, T. urartu, and T. aestivum cv. CS, had distinct plastotypes (types K36, K35, and 10, respectively). Fig. 1 shows a Neighbor-joining (NJ) tree of the 45 plastotypes found in this study. The UPGMA method gave a tree with exactly the same topology (not shown). The plastotypes K35 of T. urartu and K36 of T. boeoticum were classified into two clearly separated clades. The remaining 43 plastotypes were grouped into two plastogroups, G and B. Plastogroup G consisted of all 12 T. araraticum plastotypes and the single T. timopheevi plastotype. Plastogroup B contained all 29 T. dicoccoides plastotypes and the T. aestivum cv. CS plastotype (type 10). The two clades representing plastogroups G and B were well supported by a bootstrap test with 1000 resamplings, which resulted in bootstrap values of 96% and 81%, respectively (Fig. 1) . The separation of these two plastogroups was also well supported by the PCoA (result not shown). These results indicate a clear differentiation between the chloroplast genomes of the timopheevi wheat group and the emmer (and common wheat) group. The present results agree with an earlier RFLP analysis of cpDNA in timopheevi and emmer wheats (Mori et al. 1988) .
The thirteen plastotypes in plastogroup G were further divided into three subgroups, G-1, G-2, and G-3 (Fig. 1) . The bootstrap values for these subgroups were 59%, <50%, and 82%, respectively. Although the bootstrap values were not particularly high in the NJ tree, the PCoA further supported the same grouping of G-1, G-2, and G-3. In Fig. 2 , showing the PCoA result, axis 1 and axis 2 explained 42.3% and 22.1% of the total variation, respectively. , 14, 15, 19, 21, 26, 27, 28, 29, 30, 31, 32, 33, 34, 41, 53 Arr ( , 12, 25, 36, 37, 38, 39, 40, 43, 46, 48, 52, 54, 56, 57, 60 Arr ( T. timopheevi, Urt:
T. urartu, Btc:
T. boeoticum c n: data not available
Geographical distribution of wild timopheevi wheat plastotypes Fig. 3 shows the geographical distributions of the 12 plastotypes found in the wild timopheevi wheats. The single plastotype (type 7) identified in the domesticated timopheevi wheat is also shown (red circles). Each circle and number indicate the location and plastotype of an accession, and the colors (blue, pink, and yellow) indicate the subgroups G-1, G-2, and G-3, respectively. There were clear differences in the geographical distributions of the plastotypes (Fig. 3) . With one exception, the plastotypes in subgroups G-1 (blue) and G-3 (yellow) were found in Armenia, southeastern Turkey, western Iran, and northern Iraq. The exception was plastotype K32 (subgroup G-1), which was found in southern Turkey. In contrast, all seven plastotypes in subgroup G-2 (pink) were found only in southern Turkey and northern Syria. Fig. 2 . Two-dimensional plot of a principal coordinate analysis (PCoA) of 13 plastotypes identified among the wild and domesticated timopheevi wheat accessions. Plastotype 7 (represented by the solid circle) is the one found in domesticated timopheevi wheat. The empty diamonds represent plastotypes found in wild accessions. Axis 1 and axis 2 explained 42.9% and 22.1% of the total variation, respectively. Fig. 3 . Geographical distribution of plastotypes found in 57 accessions of wild timopheevi wheat and six accessions of domesticated timopheevi wheat. Each circle represents an accession with its plastotype. Red, blue, pink, and yellow represent the plastotype found in domestic accessions and the plastotypes belonging to subgroups G-1, G-2, and G-3, respectively.
Discussion
Diphyletic origin of timopheevi and emmer wheats
In this study the allelic diversity at 23 microsatellite loci in cpDNA was evaluated in a total of 88 accessions of wild tetraploid wheat (T. araraticum and T. dicoccoides), collected from the natural distribution areas of the species. Based on allelic variation at the 23 loci, 41 plastotypes were identified among these wild wheat accessions (Table 2) . These plastotypes were further divided into two distinct plastogroups, G and B, by a phylogenetic analysis (Fig. 1) . All 12 plastotypes found in T. araraticum were grouped into plastogroup G, whereas all 29 plastotypes of T. dicoccoides were classified into plastogroup B. The two clades representing plastogroups G and B in the NJ tree were well supported by a bootstrap test with 1000 resamplings (Fig. 1) . The result was further supported by a PCoA (result not shown). The results strongly suggest that the T. araraticum and T. dicoccoides chloroplast genomes are distinct from one another, and that the origins of the two wild tetraploid species were diphyletic. These results also agree with a previous RFLP study of cpDNAs in wild tetraploid wheat (Mori et al. 1988) , and a recent study of nuclear genes (Kilian et al. 2007) . A study of nuclear DNA variation in T. araraticum and T. dicoccoides using the RFLP technique revealed that the nucleotide diversity (π) in T. araraticum was about 1/3.7 of that in T. dicoccoides (Mori et al. 1995) . We found that both the average number of alleles and the diversity index (H) in the cpDNA of T. araraticum were about 1/1.4 of that in T. dicoccoides. Assuming a colineality between molecular variation and evolutionary time, these results suggest a much earlier origin of wild emmer wheat compared with wild timopheevi wheat.
Monophyletic origin of domesticated timopheevi wheat
We evaluated allelic diversity at the 23 cpDNA microsatellite loci in 57 accessions of wild and six accessions of domesticated timopheevi wheat. Based on the alleles at each microsatellite locus, 13 plastotypes were identified (Table 2 ). All six accessions of domesticated timopheevi wheat shared a single plastotype (type 7), while 12 plastotypes were found among the 57 wild accessions. These results suggest that the domesticated timopheevi wheat accessions have quite limited cpDNA variation, and probably share a single maternal lineage. Thus the results strongly favor a monophyletic origin for the domesticated timopheevi wheat. The following two scenarios are possible: 1) domestication of timopheevi wheat occurred only once, or 2) domestication of timopheevi wheat occurred more than once but only one lineage remains.
Geography of timopheevi wheat domestication
To find a clue to answer where timopheevi wheat was domesticated, we evaluated the genetic differentiation in cpDNA among the wild timopheevi wheat accessions. Based on the phylogenetic analysis using the NJ method, plastogroup G (consisting of all plastotypes found in timopheevi wheat) was further divided into three subgroups, G-1, G-2, and G-3 (Fig. 1) . Although the bootstrap values for the two clades representing subgroups G-1 and G-2 were not very high, exactly the same sub-grouping was obtained in a PCoA (Fig. 2) . The geographical distributions of the plastotypes in these subgroups were mapped to determine their natural distribution areas (Fig. 3) . Clear differences were found in the geographical distributions of plastotypes in subgroup G-2 compared with G-1 and G-3. All but one of the accessions with plastotypes belonging to subgroups G-1 or G-3 were found in Armenia, southeastern Turkey, western Iran, or northern Iraq. The only exception was the accession Arr4, with the K32 plastotype, which was found in southern Turkey. In contrast, all 10 accessions with plastotypes belonging to subgroup G-2 were found in southern Turkey and northern Syria (Fig. 3) . All six of the domesticated timopheevi wheat accessions shared a single plastotype (type 7), which was closely related to three plastotypes, K28, K29, and K30 in the plastogroup G-2 from southern Turkey ( Fig. 1 and Fig. 2 ). This result suggests that the domesticated timopheevi wheat is descended from a maternal lineage derived from plastogroup G-2. Interestingly, the domesticated form of timopheevi wheat is only found in western Georgia, where no wild forms have been reported. The only parts of Transcaucasia where wild timopheevi wheat has been found are Armenia and Azerbaijan. We analyzed three accessions of T. araraticum collected in Transcaucasia, and they had plastotypes 4 or 8, belonging to subgroups G-1 and G-3, respectively. No accessions with plastotypes belonging to subgroup G-2 were found (Fig. 3) . Based on these results we propose that the domestication of timopheevi wheat occurred in the region of southern Turkey or northern Syria, and not in Transcaucasia. However, no timopheevi wheat remains have been reported from the archaeological sites in that region so far. This might possibly be due to the difficulty in distinguishing timopheevi wheat from emmer wheat in archaeological remains. There is also the question of how and why the domesticated timopheevi wheat was transferred from Turkey or Syria to Transcaucasia.
Further studies on intraspecific variation in T. araraticum, at both the organellar and nuclear genome levels, may lead to a better understanding of the evolution of wild and domesticated timopheevi wheat. This should lead to further insights into the origin of agriculture in the Near East.
